Mixed ruminal bacteria, isolated from sheep (Q and W) fed a concentrate and hay diet, were anaerobically incubated with either 14C-peptides or "4C-amino acids. Experiment 1 showed that uptake of both "4C-labeled substrates was rapid, but the rate for amino acids was twofold greater than for peptides (molecular weight, 1,000 to 200) initially but was similar after 10 min. Experiment 2 demonstrated that metabolism was also rapid; at least 90%o of either "4C-labeled substrate was metabolized by 3 min. Of the radioactivity remaining in bacteria, approximately 30% was in the form of "4C-amino acids, but only in leucine, tyrosine, and phenylalanine. Supernatant radioactivity was contained only in tyrosine, phenylalanine, and mostly proline for incubations with "4C-amino acids but in up to 10 amino acids when 14C-peptides were the substrates.
could supply from 11 to 35% and amino acids could supply from 36 to 68% of the N requirements of mixed ruminal bacteria. The variations of these findings and their implications for future research are discussed.
The degradation of dietary proteins by ruminal microorganisms inevitably produces peptides and amino acids (7) . Furthermore, there is substantial indirect evidence that these intermediates of degradation are also important substrates for biosynthesis by ruminal microorganisms. For instance, it has been demonstrated that in some circumstances only 40% of bacterial N synthesized in the rumen was derived from ammonia; the remaining 60% was presumably supplied by peptide and amino acid substrates (20) . Our understanding of these catabolic and anabolic processes within the rumen is apparently sufficient to allow their incorporation into schemes for feeding ruminant animals (1, 2, 26 ). Yet several important aspects remain unclear; for example, many would still agree with the statement that, once they are produced, the role of peptides and amino acids within the rumen is "uncertain" (1) .
The fate of peptides and amino acids in the ruminal ecosystem has been studied from a number of perspectives, including measuring their effects on microbial growth (3, 15, 22) , their fermentation and production of ammonia (5, 9, 10), their persistence in rumen fluid (8, 35) , the activities of microbial peptidase enzymes (30, 31) , the utilization of specific peptides and amino acids (6, 27, 37) , and the utilization of mixtures of either of these substrates (14, 25, 38) . Despite these and other studies, progress in this research area has been hampered by considerable controversy. For example, disagreements about the extent of peptide accumulation in ruminal fluid appear to have been due to differences in analytical techniques used (11, 12, 33) .
Variations in the utilization of peptides can be attributed in part to differences in their molecular composition; hydrophilic peptides seem to be metabolized more rapidly than * Corresponding author. hydrophobic peptides (13) . Molecular size also seems to be an important, but disputed, metabolic parameter; some (14, 25) have unexpectedly found that uptake of large peptides can be more rapid than that of small peptides or amino acids. Furthermore, the use of imprecise nomenclature has added to the confusion; for example, the same experimental data have been presented as both "peptide metabolism" (33) and "peptide uptake" (34) .
Reported variations concerning peptide and amino acid utilization by ruminal bacteria thus appear to have been caused largely by variations in the substrates, experimental techniques, and microorganisms used. The work reported here examined some of these variations by simultaneously comparing the uptake and metabolism of peptides and amino acids by mixed ruminal bacteria. The substrates used were 14C labeled and derived from plant biomass; the peptides were of mixed residue composition and grouped according to molecular size.
MATERIALS AND METHODS
When appropriate, all media and solutions were autoclaved at 103 kPa for 15 min. Anaerobic conditions were maintained by gassing (approximately 100 ml/min) with CO2 that had passed through a column of copper turnings heated at 350°C.
Rumen microbial preparations. Samples of mixed ruminal microorganisms were obtained for experiments 1 to 4 from a mature (approximately 5-year-old) wether sheep (sheep Q) and also from a similar animal (sheep W) for experiment 4; each was fitted with a permanent cannula in the rumen. The animals' daily dietary allowance was 600 g of grain-based concentrate and 500 g (fresh weight) of chopped hay, and this was given in two equal portions (at 0900 and 1600 h).
Water was available at all times.
PEPTIDE AND AMINO ACID UTILIZATION BY RUMINAL BACTERIA 3361 Ruminal digesta were removed approximately 2 h after the morning feed and strained through several layers of cheesecloth, and the strained ruminal fluid was centrifuged (1,300 x g, 5 min). The resulting supernatant, which was examined (magnification, x 100) to ensure the absence of protozoa, was used as the source of mixed ruminal bacteria.
Preparation of "'C-labeled substrates. Samples of "'Cproteins were prepared by growing barley plants (Hordeum vulgare) in an atmosphere of 1'CO2, harvesting the leaves, and extracting the water-soluble "'C-proteins as previously described (18) . The "'C-peptides were prepared by sequentially digesting these "'C-proteins with proteolytic enzymes (18) and separating the products from contaminating amino acids by elution from columns of copper-Chelex resin (4 
RESULTS
Characteristics of the "4C-peptide and "4C-amino acid substrates. The approximate molecular weight ranges of the substrate groups were 2,000 to 1,000 (A), 1,000 to 500 (B), 500 to 200 (C), and <200 (D); group E consisted of free amino acids. The amino acid contents of the substrate groups are listed in Table 1 . Analysis showed each of these substrate groups to be of high chemical purity (>98%), 14C
labeled in the general form, of mixed amino acid composition, and with all amino acids presumably in the L configuration.
Uptake and metabolism of 14C-peptides and "4C-amino acids by ruminal bacteria for 30 min (experiments 1 and 2). the pellet and supematant, respectively) of the radioactivity added as 14C-peptides was detectable in the form of radiolabeled amino acids in the acid-hydrolyzed samples. When the substrates were '4C-amino acids, the equivalent data were only slightly higher: a total of 11.0%, 6.0% from the pellet and 5.0% from the supernatant. These values changed little and exhibited no discernible trend during the total 30-min incubations; these pellet values represented about a third (mean + standard deviation, 31.8% + 5.2%) of the total radioactivity remaining in each pellet, regardless of which 14C-labeled substrate had been added. Table 3 shows that this radioactivity was attributable to only three '4C-amino acids (Leu, Tyr, and Phe). was evident from the preceding 30-min experiments that important uptake and metabolic processes were occurring rapidly. Experiments 3 and 4 were therefore undertaken to examine these events during the first 5 min of incubation. Figure 2 shows the results from experiment 3 with the same "'C-labeled substrates previously used. It confirmed the general pattern seen in experiment 1 (Fig. 1) ; namely, the uptake of ' C-peptides plateaued after about 3 min, it was considerably less than that from "'C-amino acids, and the uptake of the latter peaked at 2 min and then declined towards the 14C-peptide uptake values. Figure 2 also DISCUSSION General approach of the present study. In contrast to our understanding of some aspects of protein degradation and synthesis by ruminal microorganisms, surprisingly little is known about the processes of uptake and metabolism of those inevitable intermediates, amino acids, and in particular, peptides. This lack of knowledge has in part been caused by confusion in the reported literature, due largely to differences in substrates, experimental methods, and ruminal microorganisms used.
The choice of substrates is of paramount importance in peptide research. Because of the vast array of different peptides, the selection of a typical peptide is almost meaningless. This problem is not easily overcome. Substrates used in ruminal studies have included derivatized peptides (6, 29) , single amino acid residue peptides (33, 37), defined mixed residue peptides (6, 37) , and physiologically high concentrations of commercially available peptides (22) . None of these is entirely satisfactory, because ruminal bacteria will never encounter such substrates in vivo. Furthermore, their use can be misleading. For example, studies with single amino acid residue peptides have underestimated the persistence of peptides in extracellular ruminal fluid (34) . Commercially available enzymatic digests of proteins (13, 22) are also unsuitable sources of peptides, because they typically contain high proportions of free amino acids (4a) and those that have been sufficiently purified are usually mixed molecular composition, and derived from plant biomass. These are the "'C-labeled substrates whose characteristics are listed in Table 1 .
The protocols used for terminating incubations and assaying the uptake and metabolism of substrates will affect the interpretation of any study. In the present study, incubations were terminated by physically separating bacteria from the "'C-labeled substrate by centrifuging them through silicone fluid. The pellets produced were composed of bacteria plus whatever "C-label had been taken up. This uptake would include some radiolabel bound to cell surfaces (14) , but mainly it would consist of 14C-substrates transported into the bacterial cells, where they may have remained intact or been metabolized; subsequently, they may have been incorporated into cellular material or been excreted. The radioactivity in the pellets was therefore the net result of the processes of uptake and metabolism of any 14C-labeled substrate; that in the supernatants was the net result of any uptake, metabolism, and excretion. All methods of assessing peptide utilization have limitations. None of several methods for measuring peptide concentrations in ruminal fluid was considered reliable (11, 32) . For instance, the direct ionexchange chromatography method (35) cannot determine whether released amino acids are derived from peptide substrates or from microbial sources, and because of this, Wallace et al. (33) have had "to revise some of their earlier conclusions" (6) . One of the advantages of the present study's protocols is that any radioactivity detected in the bacterial pellets and supernatants must unequivocally have originated from whichever 14C-labeled substrate was added.
The final key decision to be made in this area of research is whether to use single or mixed species of ruminal bacteria; for the present study the latter, incubated in extracellular rumen fluid and at cell densities typical of those found in the rumen, were chosen to mimic the ruminal environment more closely.
The uptake of peptides and amino acids by mixed ruminal bacteria. Figure 1 illustrates the basic patterns of uptake of 14C-peptides and 14C-amino acids by mixed bacteria from the rumen of sheep Q; these were confirmed and defined more precisely by the results obtained in the short-term studies (experiments 3 and 4; Fig. 2 and 3) . Maximum rates for both substrates generally occurred prior to 3 min; after that time metabolic equilibria, with uptake similar to efflux, were attained. In addition, experiment 3 ( Fig. 2) showed that the protocols used to measure uptake were, as expected, responsive to perturbation, for when nonradiolabeled peptides or amino acids were added 14C label uptakes declined significantly as a result of substrate competition.
In experiments 1, 2, and 3 with bacteria from sheep Q, "4C-amino acids were taken up, at least initiall Y, at a much greater (approximately threefold) rate than any 4C-peptides. This suggests the existence of different uptake sites and mechanisms for the two substrate types. Experiment 4 confirmed this general pattern for sheep Q, but the results for sheep W were quite different. Yet despite these differences, when the data (Fig. 3) are expressed as initial uptake rates of amino acid residues (Table 4) , the trend for sheep Q and W is E > A > D > B > C. These observations conflict with several reports that ruminal bacteria prefer to take up peptides rather than amino acids (23, 25, 38) . They also disagree with the findings of Cooper and Ling (14), who, using similar techniques in the same laboratory as that used for the present study, demonstrated a positive correlation between molecular size and uptake rate. These differences are difficult to explain; they are perhaps partly related to the different substrates used. Those of Cooper and Ling (14) were probably contaminated with free amino acids, because in the present study substrate groups A to D contained 1, 7, 14, and 39% amino acids, respectively, prior to their removal by the methods of Armstead and Ling (4). However, probably the major cause of variation among these studies is the different composition of the bacterial populations used. The present study provides evidence to support this hypothesis, because in experiment 4 the uptake patterns of bacteria from sheep W were most unlike those of bacteria derived from sheep Q (Fig. 3) , even though these sheep were similar in breed, age, and weight, had been fed the same type and amount of diet for several months, and were housed together. Possible differences in the microbial populations of these animals were not assessed. The metabolism of peptides and amino acids by mixed ruminal bacteria. Once taken up, the metabolism of the 14C-labeled substrates was rapid (experiment 2); within 3 min, less than 6% of the added 14C-peptides or 11% of the 14C-amino acids was detectable as 4C-amino acids in the acid-hydrolyzed pellets plus supernatants (Table 2 ). This means that about 90% of the radiolabel was unaccounted for; it was certainly not present in intact amino acids (that is, as proteins, peptides, or amino acids). It had most probably been metabolized to volatile compounds, such as 1 CO2 and 14C-volatile fatty acids, and lost during the rotary evaporation step of sample preparation. Such metabolism is apparently faster than that indicated by Yang and Russell (39) , who considered Lys-Ala to be rapidly metabolized, yet after 6 h only 80% of that dipeptide had been degraded, though its initial concentration was as much as 40-fold greater than that used in the present study.
Nevertheless, individual substrates did vary considerably in their rates of metabolism. Of the total radioactivity remaining within the bacterial pellets, about a third was consistently detectable as '4C-amino acids, even after 30 min, and surprisingly, this was contained in just three amino acids, regardless of whether the substrates added were 14C-peptides or 14C-amino acids. These hydrophobic amino acids (Leu, Tyr, and Phe), in either the free or the peptidyl form, are apparently resistant to bacterial metabolism. In contrast, the radioactivity in the acid-hydrolyzed incubation supernatants was present in as many as 10 14C-amino acids when 14C-peptides were added but in only 3 (Tyr, Phe, and Pro) when ' C-amino acids were the substrates; Pro dominated, especially with the latter substrates. This reinforces the interesting observation (39) that proline-containing peptides appear to be especially resistant to degradation, and possibly uptake, by ruminal bacteria.
General considerations of peptide and amino acid uptake and metabolism. The importance of peptides and amino acids to the N economy of the rumen bacterial population may be judged by their abilities to supply intracellular amino acids. Using substrate group C data (molecular weight, 500 to 200), the initial uptake rates for these 14C-peptides by bacteria from sheep Q and W are 1.85 and 2.34 nmol of amino acid per min per mg of bacterial protein, respectively (Table 4) or, on the basis that mixed ruminal bacteria contain 48% protein (17) , 0.89 and 1.12 nmol of amino acid per min per mg of bacterial dry matter. These are minimum rates, because rapid effluxes of amino acids and their products are not included. Even so, these values are within the range of 0.85 to 2.59 nmol of amino acid per min per mg of dry matter reported (6) for mixed ruminal organisms (which presumably, unlike those in the present study, included some protozoa) incubated with individual mixed residue di-and tripeptides at concentrations up to fivefold greater than that used in the present study. However, on the basis that the average molecular weight of an amino acid is 137 (11) , these values are only about 10% of the rate (0.07 g of peptide per h per g of dry cellular matter) reported by Russell et al. (26) , though they did use concentrations as much as 40-fold higher. The comparable rates for amino acid uptake by bacteria from sheep Q and W (11.14 and 5.86 nmol/min/mg of bacterial protein; Table 4 ) are as much as 10-fold higher than those reported for Bacteroides ruminicola (28) , though the substrates for the latter were approximately 100-fold lower.
By using the minimum and maximum rates of peptide uptake (1.85 and 5.62 nmol of amino acid per min per mg of bacterial protein; Table 4 ) and the assumptions that the average amino acid molecule contains 1.3 nitrogen atoms (11) , that the average generation time of mixed ruminal bacteria is 6 h (24), and that their growth rate is linear and ignoring any turnover of N, the mean contributions made by peptides during the total generation time can be calculated to vary from 8.7 to 26.6 ,ug of amino acid N, values which are equivalent to 11.3 and 34.5% of the N requirements of such ruminal bacteria. Similar calculations show that the uptake of amino acids could account for 35.5 to 68.2% of the N required. Of course, these are tentative estimates of potential N supply, but the amino acid/peptide ratio of approximately 2.5:1 and the mean proportion of bacterial N originating from peptides plus amino acids of 75% (range, 47 to 103%) appear to be realistic and sensible, and the latter value is similar to the 60% estimate of Nolan et al. (20) . Nevertheless, the rapid metabolism and lack of incorporation into cellular material of many of the '4C-labeled substrates seen in the present study suggest that they may have been used mainly as energy-yielding, rather than N-supplying, substrates.
The present in vitro study has demonstrated variations in the patterns and rates of peptide and amino acid uptake and metabolism by mixed ruminal bacteria and that these patterns and rates can vary between similar sheep fed the same diets; presumably, these variations have their basis in differences between individual bacterial species. Additional research to study these differences and the effects of physical binding of substrates, extracellular hydrolysis, intracellular metabolism, and subsequent excretion with both mixed and single ruminal species is now needed. When these processes are quantitatively assessed, peptide and amino acid utilization by ruminal bacteria will be better understood and more likely to be successfully manipulated to the benefit of the host animal (36) .
